Objectives: To determine if the large and highly reproducible interindividual differences in arousal intensity and heart rate response to arousal (ΔHR) during non-REM sleep are heritable. Methods: Polysomnograms of 55 monozygotic (14 male and 41 female pairs) and 36 dizygotic (15 male and 21 female pairs) same-sex twin pairs were analyzed. Arousals were scored using the 2012 American Academy of Sleep Medicine criteria. Arousal intensity was scaled (between 0 and 9) using an automatic algorithm based on the change in electroencephalogram time and frequency characteristics. The ΔHR was determined at each arousal. We calculated average arousal duration, average arousal intensity, average overall ΔHR, average ΔHR at a given arousal intensity, slope of ΔHR per arousal intensity, and arousal intensity threshold of ΔHR. Results: The intraclass correlations among monozygotic and dizygotic twin pairs were 0.663 and 0.146, respectively, for average arousal intensity, and 0.449 and 0, respectively, for arousal intensity threshold of ΔHR controlling for age, sex, and race. These values imply large broad sense heritability (H 2 ) for these traits. This evidence was confirmed by a robust maximum likelihood-based variance components estimation approach, with an additive genetic heritability of 0.64 (95% confidence interval: 0.48 to 0.80) for average arousal intensity and a combined additive and dominance genetic heritability and of 0.46 (0.25 to 0.68) for arousal intensity threshold of ΔHR. Results also suggested significant additive genetic effects for average arousal duration, ΔHR at arousal intensity scale 4 and the overall average ΔHR. Conclusion: Genetic factors explain a significant fraction of the phenotypic variability for average arousal intensity and arousal intensity threshold of ΔHR. Results suggest that the duration of arousals and specific average ΔHR values may also be heritable traits. Clinical trial registration: NCT02827461
INTRODUCTION
Arousals from sleep are very common in patients with sleep disorders. Arousals from sleep are associated with a transient autonomic reflex activation that increases ventilation, blood pressure, and heart rate (HR). [1] [2] [3] [4] [5] Frequent arousals from sleep cause sleep fragmentation, which can lead to impaired cognitive function [6] [7] [8] [9] and may also contribute to chronic hypertension in patients with obstructive sleep apnea (OSA). [10] [11] [12] Arousals are conventionally scored when an abrupt shift in electroencephalography (EEG) to higher frequencies occurs for at least 3 seconds, preceded by at least 10 seconds of stable sleep. 13, 14 The visual appearance of cortical arousals meeting this definition varies considerably within and between subjects. Previous studies have reported very little variability in the number of arousals and arousal index from night to night. [15] [16] [17] [18] [19] We recently developed an automatic scaling algorithm to score the intensity of arousals between 0 (no relative change in EEG characteristic) and 9 (the most intense arousal). Using wavelet transform to quantify the change in EEG time and frequency characteristics due to arousal, 20, 21 average arousal intensity varies considerably between subjects with sleep disorders. 22 Furthermore, a strong correlation exists between intensity of arousal and average HR response to arousal (ΔHR), while the calculated slope of the relationship varies considerably between subjects. 22 These interindividual differences in average arousal intensity and ΔHR may indicate different susceptibility to the development of the functional and cardiovascular complications of sleep disorders.
In a recent polysomnogram (PSG) study of adults without sleep disorders, we showed that the average intensity of arousals and ΔHR at a given arousal intensity in non-REM sleep are highly variable across subjects but highly reproducible within subjects. 23 To determine if genetic factors contribute to these interindividual differences in arousal characteristics and the resulting increases in heart rate during non-REM sleep, we measured characteristics of spontaneous arousals and ΔHR in 55 monozygotic (MZ) and 36 dizygotic (DZ) twin pairs.
METHODS

PSG Files
The PSG files used in this study were generated in a previous study on heritability of response to sleep deprivation, and the methods of subject recruitment and participant characteristics have been previously detailed. 24 Individuals on modafinil, methylphenidate, β-blocker medication, or any medication to promote
Statement of Significance
This study in twins is the first to show that underlying genetic factors significantly influence arousals and the heart rate response to arousals during sleep. Utilizing multiple, complementary techniques for estimating trait heritability in monozygotic and dizygotic twin pairs without sleep disorders, we found that the average arousal intensity and the arousal intensity associated with a heart rate response are moderately to highly heritable traits. These results add further evidence that many sleep characteristics are heritable and therefore influenced by underlying genetic factors. Our results suggest that outcomes related to arousals associated with sleep disorders (e.g., daytime sleepiness and cardiovascular morbidities) may be heritable.
sleep or relieve pain were excluded from participation. The original data set consisted of 59 monozygotic (MZ) and 41 dizygotic (DZ) same-sex twin pairs (N = 200 total participants). Of these, 9 pairs were removed due to at least one of the twins having either incomplete data (n = 5 pairs) or failing to meet data quality criteria of ≥20 arousals with available ΔHR. Therefore, our final study sample for analysis consisted of 182 participants, made up of 55 monozygotic (mean ± SD age 29.2 ± 6.9 years; 14 male and 41 female pairs) and 36 dizygotic (age 26.2 ± 7.5 years; 15 male and 21 female pairs) twin pairs. Twin zygosity was determined by a DNA-based polymerase chain reaction (PCR) analysis of peripheral blood using 12 highly polymorphic short-tandem repeat loci and amelogenin. 25 The original study was approved by the Institutional Review Boards at the University of Pennsylvania and the subcontracted sites, the University of Chicago, and Virginia Commonwealth University. Written-informed consent was obtained from each participant.
Significant sleep pathology was excluded on a PSG study performed at least 2 weeks prior to admission to the Clinical and Translational Research Center. 24 All participants were required to have an apnea-hypopnea index and periodic limb movement index <5 events/hour. For 24 hours prior to and during their admission, participants were asked not to smoke or drink alcohol. During the admission, they were given three regular meals and snacks but were not allowed to drink caffeinated beverages. Participants were allowed to sleep ad libitum on days 1 and 2. PSGs were performed on those two nights and the recordings on the second night were used for analysis in the current study. The PSG montage included 4 EEG signals (C3M2, C4M1, O1M2, and O2M1), bilateral electrooculogram, chin muscle electromyogram, and electrocardiogram (lead 1).
The files were scored for conventional sleep variables by the automatic system developed at YRT Limited and validated in an independent multicenter study. 26 The automatic scoring followed 2012 AASM guidelines for scoring sleep and arousals. 14 The onsets and ends of arousals were identified by an experienced technologist strictly from the EEG without regard to any other signals (e.g., EMG or heart rate).
Arousal Scaling
Automatic scaling of arousal intensity was performed as described in detail previously (Figure 1 ). 22 Briefly, each arousal in non-REM sleep was scaled automatically based on the magnitude of changes (during arousal versus before arousal) in 14 wavelet characteristics derived from each of the two central EEG recordings (C3M2 and C4M1) and assigning a scale from zero (least intense) to 9 (most intense) from the calculated wavelet characteristics and a previously constructed training data set. The wavelet characteristics and the training set used in the present study were identical to the ones used in our earlier study. 22 The arousal scale was relative to the population, that is, a given arousal intensity was of the same magnitude for each individual in the population. When the arousal scale differed in the two central electrodes, the higher of the two values was used. No signal other than the EEG was used in this automatic process. For each file, we determined the total number of arousals and the mean and standard deviation (SD) values of arousal intensity scale and arousal duration.
Heart Rate Response to Arousal
The ΔHR was determined as the difference between maximum heart rate during arousal (i.e., from arousal onset to 8 seconds after end of arousal) and maximum baseline heart rate. Beatby-beat heart rate in the interval 2-12 seconds preceding the arousal was used as baseline heart rate. The 2 seconds preceding arousal were avoided in baseline determination due to the observation that arousal-associated tachycardia may begin up to 2 seconds before arousal. 3 As described previously, 22 the arousal-associated change in HR incorporates a component that is unrelated to the arousal (short-term spontaneous changes in HR). To minimize the impact of this background noise, as shown in Figure 2 , the ΔHR values for all arousals at each arousal intensity scale were averaged, and arousal intensities represented by only one observation were not included in the regression.
In each subject, we calculated average arousal duration, average arousal intensity, average overall ΔHR, average ΔHR at arousal intensity scales of 4 (ΔHR 4 ), 5 (ΔHR 5 ), and 8 (ΔHR 8 ). To estimate the relationship between arousal intensity scale and average ΔHR values, we derived subject-specific slope of ΔHR per arousal intensity and arousal intensity threshold of ΔHR, that is, the minimum arousal intensity at which a HR response was present, from within-subject linear regression models of average ΔHR at each arousal intensity against arousal intensity score (Figure 2 ). To ensure reliable estimates of the ΔHR response at given arousal intensities (ΔHR 4 , ΔHR 5 , and ΔHR 8 ), values were obtained from subject-specific regression equations, rather than from the average of actual ΔHR values at each scale.
Statistical Analyses
Continuous variables were summarized using means and SD and categorical variables using frequencies and percentages. Demographic and outcome measures were compared between MZ and DZ twins using linear (for continuous) or logistic (for categorical) mixed-model regression, accounting for zygosity differences in covariance. This and all subsequent modeling was performed using SAS Version 9.4 (SAS Institute, Inc, Cary, North Carolina).
We assessed the estimated heritability of the following measures: arousal index; average arousal duration; average arousal intensity; overall average ΔHR; model-derived estimates of slope of ΔHR per arousal intensity; arousal intensity threshold for ΔHR; and ΔHR 4 , ΔHR 5 , and ΔHR 8 .
Heritability of these arousal and heart rate response to arousal characteristics was estimated using three complementary approaches as in our previous study 24 : (1) classical approaches based on differences in MZ-and DZ-specific intraclass correlation coefficients (ICCs) 27 ; (2) analysis of variance (ANOVA) based on within pair (WP) or among component estimates 28, 29 ; and (3) maximum likelihood-based estimation (MLE) of heritability utilizing variance components under specific inheritance model characterizations. [30] [31] [32] [33] Given the robustness of the MLE approach, heritability estimates from these models were considered primary. Additional details of each method are presented subsequently. For methods (1) and (3), heritability estimates were obtained unadjusted and after controlling for race, age, gender, and age × gender interactions. Given nine traits of interest, statistical significance in the ANOVA and MLE methods was based on a Bonferroni-corrected threshold of p < .0056; a p < .05 was considered suggestive evidence of heritability.
The first approach to estimating heritability was based on the classical approach using ICC statistics. 27 ) . In addition to the heritability estimate, the proportion of phenotypic variance explained by common environmental effects (C 2 ) on a given trait was calculated as 2•(ICC DZ ) -ICC MZ . Negative estimates of C 2 suggest that shared environment does not play a strong role in influencing a given trait, and suggest that an ADE inheritance model (which models additive and dominance genetic effects and individual effects) is appropriate (see below for discussion of inheritance models). Similarly, C 2 >0 suggests common environment plays a role, and an ACE inheritance model (which models additive genetic, common environment, and individual effects) may be more appropriate.
In addition to this classical approach, we utilized ANOVAbased methods to calculate broad-sense heritability based on zygosity specific within-twin pair (MS WMZ and MS WDZ ) and among-twin pair (MS AMZ and MS ADZ ) mean square (MS) estimates. 28, 29 Based on these mean squares, two possible estimates of heritability can be obtained. The choice of estimate is based on a comparison of the total phenotype variance between MZ and DZ twin pairs, using a two-sided F-test of the ratio Finally, robust estimates of heritability were calculated using variance components from MLE mixed-effects modeling procedures. [30] [31] [32] [33] Random effects estimates were utilized to assess different heritability models, 31, 33 examining specific components of transmission, including additive genetic effects (A), dominance genetic effects (D), common environmental effects (C), and unique individual effects (E). This modeling approach utilizes the same covariance expectations as path analysis or structural equation modeling and leverages similar goodnessof-fit tests to determine the most appropriate inheritance model. Importantly, in the model parameterization utilized here, accurate estimates of heritability can be obtained without restricting variance components to be >0, therefore allowing the opportunity to identify poor model fit utilizing standard likelihood ratio tests. 30, 31 Specifically, using the estimate of the proportion of phenotypic variance explained by shared environmental factors in the ACE model (denoted h 33 Subsequent to initial model selection, goodness-of-fit tests were utilized to determine whether reduced models provided similar model fit, including likelihood ratio tests for nested models (i.e., ACE vs. AE, CE, E or ADE vs. AE, E). Akaike Information Criteria (AIC) statistics were used to compare between nonnested AE and CE models if both suggested better fit than the more complicated ACE model. Component-specific heritability estimates (i.e., proportion of total variance due to A, D, A+D, C or E factors) were then determined based on the variance component estimates in the best-fitting model. Model comparisons and initial variance proportion estimates were obtained using linear mixed models (PROC MIXED in SAS) as described previously. 31, 33 Estimates of statistical significance and 95% confidence intervals (CIs) for resulting estimates were derived using nonlinear mixed model procedures (PROC NLMIXED in SAS), under the null hypothesis that the true variance proportion (i.e., heritability) is equal to zero.
RESULTS
Study Population
The characteristics of the participants are detailed in Table 1 . On average, the population consisted of young adults (age 28.0 ± 7.3 years, body mass index 24.3 ± 4.3 kg/m 2 ), with a majority female (68%) and self-reported Caucasian (78%). There were no statistically significant differences in demographic characteristics between MZ and DZ pairs; MZ twins were 3 years older on average (p =.056). A larger proportion (p = .122) of MZ twins (n = 46 pairs; 83.6%) were Caucasian compared to DZ twins (n = 25 pairs; 69.4%). The remaining DZ twin pairs reported being African American (n = 11 pairs; 30.6%), while MZ twin pairs reported multiple races (n = 6 African American pairs [10.9%] , n = 3 Asian/mixed race pairs [5.5%]).
There were no significant differences in sleep, arousal, or ΔHR measures between the MZ and DZ twins (Tables 1 and 2) . DZ twins had approximately 14 minutes more NREM sleep on average (p = .069). The mean number of arousals in all subjects was 70.3 ± 31.5, and the average arousal duration was 7.5 ± 0.8 seconds. The study population had moderately intense arousals (mean intensity scale 4.8 ± 0.9) on average, with an arousal intensity threshold of ΔHR of 0.97 ± 0.89 for MZ twins and 0.91 ± 0.91 for DZ twins (p = .702). The average ΔHR was 9.4 ± 3.8 min −1 , with DZ twins having a higher average ΔHR compared to MZ twins (10.3 ± 4.2 vs. 8.9 ± 3.5 min -1 ), although the difference was not statistically significant (p = .066).
As a preliminary examination of the relative similarity of traits in MZ and DZ pairs, we compared the WP absolute difference in each phenotype between zygosity groups (Table 3) ; traits showing greater similarity between MZ pairs compared to DZ pairs are more likely to be strongly influenced by genetic factors. On average, the MZ twin pairs were more similar than DZ twin pairs, with smaller within pair absolute differences for each phenotype. Statistically significant differences were observed for the average arousal intensity (p = .011) and average ΔHR (p = .037), and there was a borderline nonsignificant difference for the arousal intensity threshold of ΔHR (p = .056).
Classical Heritability Estimates
Estimates from the classical approach to heritability calculations for the arousal and ΔHR measures (including unadjusted and adjusted ICCs, H 2 and C 2 ) are shown in Table 4 . Generally, ICC values were larger for MZ twins than DZ twins, suggesting genetic factors explain some proportion of phenotypic variability (i.e., broad-sense heritability). In adjusted analyses, an ADE model was the preferred genetic model for average arousal intensity, arousal intensity threshold of ΔHR, and average ΔHR, suggesting significant contributions of genetic factors, but not shared environment, to the phenotypic variability. The ICCs for MZ and DZ twin pairs were 0.663 and 0.146, respectively, for the average arousal intensity scale, and were 0.449 and 0 for arousal intensity threshold of ΔHR. These values imply large H 2 values for both measures (including a value >1 for average arousal intensity), indicating genetic factors explain a large amount of phenotypic variability; the zero ICC for DZ for arousal intensity threshold likely arises from sampling error around a small WP correlation. Moreover, the corresponding large negative values of C 2 imply that shared environment does not explain phenotypic variance for these traits. Similarly, the adjusted H 2 for average ΔHR was 0.616, with a slightly negative In contrast, a combination of environmental and genetic contributions to phenotypic variance was suggested for all other traits in adjusted analyses. That is, for each measure, there were positive H 2 and C 2 estimates, suggesting that both genetic and shared environmental factors explain phenotypic variability. Among these traits, the average arousal duration, which showed a preferred ADE model in unadjusted analyses, had the highest H 2 estimate of 0.433, and only a small estimated proportion of variable explained by common environment (C 2 = 0.032).
ANOVA-Based Heritability Estimates
As a complementary method for estimating unadjusted, broadsense heritability for each trait, we subjected the arousal and ΔHR measures to heritability analysis using the ANOVA >0 imply an ACE model may better represent the inheritance pattern, where A = additive genetic effects, C = common environmental effects, D = dominant genetic effects, and E = unique individual effects. Thus, ACE models additive genetic, common environment and individual effects, whereas ADE models additive and dominant genetics and individual effects. approach. 29 As stated earlier, there were no significant differences in mean values between MZ and DZ twins for any of the measures (Table 2) . Similarly, we did not observe any differences in the variability of within-twin means between MZ and DZ twins (Table 5 ). An essential assumption when performing the ANOVA-based heritability analysis is that total phenotype variance is similar for MZ and DZ twins. There was no evidence of statistically significant zygosity differences in total phenotype variance for any of the traits. These results suggest the assumptions of the twin model are valid in the ANOVA context. Suggestive evidence (p < .20) for a difference in total variability was observed for the slope of ΔHR per arousal intensity (p = .065), average ΔHR (p = .074), and ΔHR at arousal intensity scale 8 (p = 0.117; Table 5 ). Thus, for these measures, the among component heritability estimate from the ANOVA was used, while the within pair ANOVA estimate was used for all other traits. Based on this analysis, both the average arousal intensity scale (H 2 = 1.13, p < .001) and arousal intensity threshold of ΔHR (H 2 = 1.24, p = .002) showed significant evidence of heritability. Although theoretically the actual value of H 2 should be bounded by 1, these results generally support the findings of large genetic contributions to phenotypic variability from the classical approach.
MLE Heritability Models
The arousal and ΔHR measures were used to estimate parameters of alternative genetic transmission models based on MLE techniques (Table 6 ). As discussed in the Methods, the MLE approach was considered primary and, while resulting (95% CI) = 0.51 (0.34 to 0.69), p < .0001]. Thus, phenotypic variability for each of these traits appears to be clearly influenced by underlying genetic factors. For the remaining measures (arousal index, slope of ΔHR per arousal intensity, ΔHR 5 , and ΔHR 8 ), there was no evidence for a significant genetic contribution to phenotypic variance in adjusted models, but there was evidence that common environment explained between 32% and 54% of phenotypic variability, depending on the trait.
CONCLUSION / DISCUSSION
This study in twins is the first to show that underlying genetic factors significantly influence measures of average arousal intensity and heart rate response to arousal. Utilizing multiple, complementary techniques for estimating trait heritability, we show robust evidence that the average arousal intensity and the arousal intensity threshold for ΔHR are moderately to highly heritable traits. In addition, evidence supports a heritable component for certain arousal characteristics, including the duration of arousals, the overall average ΔHR, and the specific ΔHR at arousal intensity of 4. These results add further evidence that genetic factors explain a significant fraction of the phenotypic variability of many sleep characteristics. Furthermore, our results in adults without sleep disorders on PSG add important evidence to the growing literature that suggests that the variable clinical responses in individuals with sleep disorders may be related to heritable traits. Individuals with a higher average arousal intensity may be more likely to develop daytime sleepiness and cognitive complications related to arousal and a greater HR response to a given arousal intensity may indicate a more labile cardiovascular system that is more susceptible to the development of hypertension.
Of the different ΔHR measures utilized in this study, the arousal intensity threshold for ΔHR and the average arousal intensity showed significant heritability across all 3 complementary methods. In classical analyses, MZ twins showed within-pair concordance in arousal intensity threshold for ΔHR that was significantly higher than that of DZ twin pairs, resulting in a large adjusted H 2 estimate of 0.90 (Table 4) . Similarly, "Best Fitting Model" determined through goodness of fit tests, utilizing likelihood ratio tests for nested models (i.e., ACE vs. AE, CE or E and ADE vs. AE or E) and AIC statistics for non-nested models (e.g., CE vs. AE), when both models indicated better fit than the full model. The starting model (ACE or ADE) was chosen based on the estimated common environment effect in the ACE model heritability analyses, such that h average arousal intensity showed strong heritability in classical analyses, with an adjusted H 2 = 1.04. These results were confirmed using an ANOVA approach (Table 5) , in which the arousal intensity threshold of ΔHR and average arousal intensity were the only measures with statistically significant heritability estimates. It should be noted that H 2 values above 1.0 should not arise in the case of simple additive genetic transmission and imply that there might be important genetic dominance effects (i.e., an ADE model). Supporting this evidence, the covariate adjusted MLE of specific genetic transmission models (Table 6) found that an additive and dominance genetic (ADE) model was the most appropriate inheritance mode for arousal intensity threshold of ΔHR. Statistical evidence only supported the additive genetic effects (AE) model for average arousal intensity scale; however, the p value selecting the AE model was trending toward the ADE model (p = .095) which may have been chosen in a larger sample. Model estimates were reduced in these methods, compared to the more classical techniques, with a genetic heritability of 0.46 (95% CI: 0.25 to 0.68) for arousal intensity threshold of ΔHR in the ADE model and a heritability of 0.64 (0.48 to 0.80) for average intensity scale in the AE model.
Importantly, the choice of three complementary approaches to heritability facilitates comparisons with earlier literature. In addition, because these methods differ with regard to their assumptions, differences among results reveal possible violations of assumptions, enabling a refinement of models used to obtain estimates. The classical approach's major advantage is its simplicity in computation. The classical approach is complemented by the ANOVA approach because the ANOVA approach includes assessments of the validity of the twin model as applied to the data at hand. Both of these techniques estimate broadsense heritability, that is, the proportion of phenotypic variability explained by additive, dominant, and epistatic genetic effects. The MLE approach allows the specification of various genetic transmission models (including narrow-sense heritability [additive only] or additive plus dominance genetic effects) and permits direct computations of confidence intervals and associated p values. Moreover, MLE techniques allow determination of the best inheritance modes using standard likelihood ratio tests. Regardless of differences in the magnitudes of heritability estimates, all three models resulted in the same conclusion for the arousal intensity threshold for ΔHR and the average arousal intensity, that is, that heritability of these traits is high.
While no other measures were found to be heritable across all methods (primarily due to lack of statistical significance in ANOVA-based techniques), several traits had evidence for an additive genetic transmission model in MLE methods. The average ΔHR (h 2 G = 57%) and ΔHR at intensity scale 4 (h 2 G = 51%) had AE model-based heritability estimates that were larger than the estimated ADE model-based heritability for arousal intensity threshold of ΔHR. In addition, the average arousal duration showed moderate heritability due to additive genetic effects (h 2 G = 44%). While results for all measures should be replicated in future studies, including using variance components and other techniques designed for nontwin studies with genome-wide data, 34, 35 these MLEs provide strong evidence that multiple arousal and heart rate response-related traits are influenced by genetic factors.
Our previous study found that the HR response to a given arousal intensity is highly reproducible within a subject. 23 The current study provides mixed evidence regarding whether these measures are genetically determined. Interestingly, while there was no evidence for a genetic influence on the ΔHR 5 or ΔHR 8 , we did observe heritability for the ΔHR 4 (in adjusted models only) and for the average ΔHR across all arousal intensities. These findings can be explained if one considers what determines the HR response to a given arousal intensity. Specifically, ΔHR x = (x-T)*Slope, where x is the arousal intensity and T and Slope are the X intercept and slope of the relation, respectively (Figure 3) . The current results show that the threshold (T; minimum arousal intensity at which there is a HR response) is heritable, while the slope of the HR response to arousal intensity beyond this threshold (Slope) is mostly determined by nongenetic factors. Thus, ΔHR x is a function of both heritable and nonheritable components. As shown in Figure 3 , the contribution of the genetically determined threshold (T) to ΔHR x (ΔHR T ) is constant across all arousal intensities, whereas the contribution of nongenetically determined slope (ΔHR S ) increases progressively as arousal intensity increases. Therefore, ΔHR x (ΔHR T + ΔHR S ) becomes progressively less affected by the heritable threshold trait and more affected by the nonheritable slope at more intense arousals, resulting in a lower estimate of the proportion of variability in ΔHR x explained by genetic factors at higher values of x.
It is well established that sleep fragmentation, as judged by arousal frequency, has independent and widespread consequences on cognitive function, daytime sleepiness, endocrine function, ventilatory responses, and mood (see Bonnet et al for review 6 ). Martin et al. 36, 37 have also found that auditory-induced subthreshold arousals (i.e., where EEG changes do not meet the accepted criteria) also impair next day function although not to the same extent as threshold arousals. Thus, it appears that the clinical consequences of frequent arousals are influenced by the intensity/duration of the EEG changes. Although this needs to be confirmed experimentally, it is reasonable to suggest that, all else being the same, people who are prone to develop more intense arousals are at greater risk of developing complications from sleep fragmentation. This study was performed in adults without sleep disorders on PSG, and it is not known whether the heritable traits identified in this population are generalizable to individuals with sleep disorders such as OSA. Average arousal intensity in patients with OSA varies widely (3.4-5.9) . 22 This wide range cannot be explained by differences in event severity, since an even wider range of arousal intensities exists in individuals without sleep disorder. 23 It is also a common clinical experience that some patients with OSA having very high arousal frequency have little or no symptoms of excessive somnolence and vice versa. 38, 39 Although a correlation exists between the arousal index and objective tests of sleepiness in patients with OSA, the correlation is quite weak (r = 0.23); in patients with an arousal index of 40 events/hour, mean sleep onset latency on the multiple sleep latency test ranged from 1 to 16 minutes. 40 It is possible that this wide range of sleepiness at the same arousal index may be in part related to the differences in arousal intensity among these patients. Since the current study shows that genetic factors explain a significant fraction of the phenotypic variability in average arousal intensity, it may be that the tendency for some people to be more adversely affected by sleep fragmentation is an inherited trait that determines arousal intensity. Further studies are needed to determine if average arousal intensity influences the change in daytime function as a result of sleep fragmentation.
The average arousal-related increase in HR during sleep is a mathematical function of average arousal intensity, the arousal intensity threshold of ∆HR (X intercept), and the slope of the relation. The current study indicates that average arousal intensity and the arousal intensity threshold of ∆HR are strongly influenced by genetic factors. There is mounting evidence that arousals are an independent risk factor for the development of hypertension. 41, 42 To the extent that a larger HR response to arousals reflects greater arousal-related autonomic activation, which may in turn increase the risk of hypertension, our results suggest that such risk may be largely determined by genetic factors. Overall, the heritable traits described here represent promising sleep-related phenotypes for future genetic studies.
